Diverse interlayer tunability of physical properties of two-dimensional layers mostly lies in the covalent-like quasi-bonding that is significant in electronic structures but rather weak for energetics. Such characteristics result in various stacking orders that are energetically comparable but may significantly differ in terms of electronic structures, e.g. magnetism. Inspired by several recent experiments showing interlayer antiferromagnetically coupled CrI3 bilayers, we carried out first-principles calculations for CrI3 bilayers. We found that the anti-ferromagnetic coupling results from a new stacking order with the C2/m space group symmetry, rather than the graphene-like one with 3 as previously believed. Moreover, we demonstrated that the intra-and interlayer couplings in CrI3 bilayer are governed by two different mechanisms, namely ferromagnetic super-exchange and direct-exchange interactions, which are largely decoupled because of their significant difference in strength at the strong-and weakinteraction limits. This allows the much weaker interlayer magnetic coupling to be more feasibly tuned by stacking orders solely. Given the fact that interlayer magnetic properties can be altered by changing crystal structure with different stacking orders, our work opens a new paradigm for tuning interlayer magnetic properties with the S2 freedom of stacking order in two dimensional layered materials.
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force constants [13] and emerged strong correlation of electrons [14] in twisted graphene, unusual optical signals in folded MoS2 [15] and a band tail state observed in simple-sliding MoSe2 bilayers [16] . In light of this, it seems paramount to unveil the ground state stacking order and its roles in varying interlayer magnetic couplings and in selecting magnetic ground state of CrI3 bilayers.
Here, we carried out first-principles calculations to unveil the stacking-dependent interlayer electronic and magnetic couplings in the CrI3 bilayer. The intralayer FM of CrI3 was ascribed to a Cr-I-Cr FM super-exchange in which the Cr-I-Cr bond angle approaches 90° [17] . As a result of the Hund correlation effect, the magnetic moments of the both Cr atoms align parallel, which is rather robust under external perturbations.
In terms of interlayer magnetism, a simple sliding of one layer of the bilayer could change the direct hopping strength between interlayer I orbitals, which varies the interlayer magnetic ground state of the bilayer between interlayer FM and AFM ones.
The AFM ground state allows magnetic-field to control tunnel magnetoresistance effect, which was realized in the stacking tuned AFM coupled CrI3 bilayer.
Method.-Our density functional theory calculations were performed using the generalized gradient approximation and the projector augmented wave method [18] as implemented in the Vienna ab-initio simulation package (VASP) [19] . Dispersion correction with the optB86b functional [20] was adopted for structure related calculations. The optimized lattice constants were explicated shown in supplementary Table SI. For energy comparisons among different magnetic configurations, we used the PBE or HSE06 functional, with the inclusion of spin-orbit coupling (SOC), based on the vdW-DF revealed structures. On-site Coulomb interaction to the Cr d orbitals was considered with a U value of 3.9 eV and a J value of 1.1 eV. The adoption of different functionals, modification of the interlayer distance, stacking of graphene or BN layers to the bilayer, and different U values have been checked and all calculations support our conclusions which were provided in the supplementary materials [21] .
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Results and discussion.-Bulk CrI3 exhibits a van der Waals structure and possesses a rhombohedral structure with the 3 space group symmetry at low temperature (the LT phase). When temperature increases to 210 K -220 K, it undergoes a structural phase transition to a monoclinic lattice with the C2/m space group symmetry (the HT phase) [22] . It is expected that a bilayer CrI3 has similar structures to its bulk counterpart, namely, rhombohedral and monoclinic structures for low-and high-temperature exfoliated CrI3 bilayers, respectively. Figure 1(a-b) shows the structures of the LT and HT phases of the CrI3 bilayer, respectively. The structural difference between these two phases of CrI3 bilayers can be viewed as different stacking orders of single CrI3 layers. In the LT phase, the stacking order is in analogue to an AB-stacked graphene or a 2H-phase MoS2 bilayer, in which a Cr atom of the bottom layer sits below the hollow site of the Cr hexagon as shown in Fig. 1(a) .
The LT phase is roughly 2.35 meV/Cr lower in energy than the HT phase. The S5 metastable HT phase can be viewed as sliding the upper layer from the previous LT position with vector ⃗ as indicated in Fig. 1(c) . Figure 1 (c) also illustrates the transition pathways from the LT to the HT phase in either interlayer FM or AFM coupled configuration (see detail in Supplementary Figure S1 ). This indicates a transition barrier of roughly 10 meV/Cr, which may prevent the metastable HT phase transferring to the LT phase in the CrI3 bilayer.
Magnetic ground state plays an important role in determining physical properties of materials. Experimentally, CrI3 monolayer has a very strong intralayer FM order that persists up to ~50 K [1] . Consistently, in our calculation, the FM state is at least 12 meV/Cr more favored than other magnetic configurations. Figure S2 ). This interlayer FM ground state is so robust that it is unlikely to be altered by general manipulation methods, such as strain, electric field, doping and among the others (see Supplementary Figure S3 and S4).
In terms of the HT phase, however, the interlayer magnetic ground state is an AFM one [7] with an energy difference (EAFM-EFM) of -0.54 meV/Cr. The change of U value, adoption of different functionals, modification of the interlayer distance, or stacking of graphene or BN layers to the bilayer varies the exact relative energy but does not change the order of stability of these two magnetic configurations (see Supplementary Figure   S2 , S4, S5, Table SII, and Table SIII) . Such a small energy difference implies the interlayer spin-exchange coupling is rather weak (J~0.5 meV) in the HT phase, although the intralayer magnetic coupling was found much stronger (J~3 meV). The weak interlayer magnetic coupling is consistent with the facts that the bandgap of the bilayer varies less than 0.15 eV from that of a CrI3 monolayer [23] , and that the cohesive energy of the bilayer is relatively small with a value of 14 meV/Å 2 . Such a weak S6 magnetic coupling in the HT phase indicates that the manipulation of its interlayer magnetism is, most likely, feasible by applying an external magnetic field.
These results of the LT and HT phases suggest that the interlayer AFM coupled
CrI3 bilayer [5, 6, [8] [9] [10] [11] [12] , could be, most likely, maintained in the HT phase, rather than the presumed LT phase, even at low temperatures. This is, we believe, ascribed to structural quenching under rapid cooling rates and/or vertical confinement from the capping layers in the measurements, which could be directly verified by control experiments with slow cooling rates and removed capping layers. We additionally examined the responses of the both phases to electric field and charge doping. The HT phase results are highly consistent with the measurements [11] , i.e., unremarkable effects from hole doping and a transition from interlayer AFM to FM coupling resulted from electron doping, while those of the LT phase are against to the experiments (supplementary Fig. S3 and S6); this further verifies the solidness of our conclusions.
We further extended our calculations to CrI3 tri-and quad-layers to investigate whether the interlayer AFM order also maintains in CrI3 multilayers. The interlayer AFM state still holds in all the considered HT multilayers and its bulk counterpart as shown in Fig. 2 , which fully coincide with the recent experimental results [5, 6] . This consistency strongly supports that the CrI3 multilayers measured in the experiments still maintain the HT phase even at low temperature. In terms of the LT multilayers and the bulk form, the FM state is always the interlayer magnetic ground state. The energy of HT phase has been enlarged 5 times in order to show clearly. Here, the spin-orbit coupling has been considered.
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Given the established magnetic ground state, we carefully examined the stacking difference resulted from variation of interlayer magnetic couplings in the CrI3 bilayer. Here, both intralayer and interlayer Cr atoms are FM coupled, but are with different mechanisms. The both couplings are at the two extremes in terms of interacting strength that the intralayer Cr-I-Cr super-exchange sits at the strong-interaction limit while the interlayer Cr-I…I-Cr direct exchange lies in the weak-interaction limit. Direct exchange couplings were usually found in metals, but in this case, it was found in a semiconductor with a non-metal element. This exception is, most likely, due to strongly extended p wavefunctions of I and the vdW attraction induced overlap of interlayer px/y orbitals.
Although it is much weaker, the overlap is also a result of known covalent-likely quasibond, as revealed in other 2D materials [24] [25] [26] [27] [28] . A similar but much stronger interlayer magnetic coupling (J~10 meV) was found in CrS2 bilayers [29] , in which the bilayer strongly favors interlayer FM coupling and even changes an intralayer AFM order to the FM order. These results suggest that a much weaker interlayer coupling allows the interlayer magnetism to be more feasibly tuned.
Given the much weaker interlayer magnetic interaction of CrI3, we thus expect the interlayer FM could be tuned to AFM through external perturbations. Given that a minor pz spin density shows opposite sign to that of px/y (Fig. 3(b) ), a straightforward idea is to shift one layer of the bilayer, which favors direct exchange of a px/y orbital from one layer with a pz orbital from the other layer. The HT bilayer is just the case for this idea. 
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Calculation method:
In our density functional theory calculations, the uniform Monkhorst-Pack k mesh of 15151 was adopted for integration over Brillouin zone. The lattice constants were optimized with both FM and AFM states, respectively (see supplementary Table SI) . A plane-wave cutoff energy of 700 eV was used during the structural relaxations. A sufficiently larger distance of c > 15 Å along out-of-plane direction was adopted to eliminate interaction between each layer. Dispersion correction was made at the van der Waals density functional (vdW-DF) level, with the optB86b functional for the exchange potential, was adopted for structure related calculations. The optimized lattice constants were explicated shown in supplementary Table SI. Other several vdW functionals (see supplementary Table SII) were also checked and all of them give the same conclusion which verify the reliability of our results. A self-consistently calculation of the U value based on a linear response method gives U=3.9 eV and J=1.1 eV, which were used in our calculations. Spin-orbit coupling (SOC) was considered in all comparison of energies for different magnetic configuration, in which the PBE or HSE functional was used rather a the vdW-DF functional used in structural relaxations.
We should indicate that most of calculations of FM and AFM states were done with the same structure (the one optimized with FM state, as done in the main text). The reason should be that the energy difference between FM and AFM states is quite small, any difference in structure may lead to an energy difference comparable with it. In order to ensure that the energy difference comes from the magnetic configuration instead of structure, we adopt the same structure in both calculation of FM and AFM state. (magenta dots) and 1.5 eV for the PBE+SOC approach (blue dots). Above calculations were done with the same structure for FM and AFM states (both with the structure optimized with FM state, see detail in supplementary calculation method). When different structures (denoted as "diff str") of FM and AFM are adopted (optimized with FM and AFM states respectively, see detail in supplementary calculation method), for both PBE+vdW (olive dots) and PBE+SOC (navy dots) approaches, the AFM states of HT phase are more stable than FM states no matter which value of U is used. In our calculations, the U=3.9 eV and J=1.1 eV (U-J=2.8 eV) was adopted which is calculated two layers under electric field and ii) the converse magnetization direction of each layer. However, the total magnetization of the FM configuration in the HT phase (can be realized by doping or external magnetic field) is less influenced under electric field since the magnetization direction of each layer is exactly same. In Ref. 11, it was concluded that "in the AFM phase, the electric field E induces a constant magnetization that increases with E", and "in the FM phase, M0 is nearly independent of E". All the statements are consistent with our theoretical calculations and thus verify the solidness of our conclusions. Please note our calculated variation of the total magnetization under electric field is smaller than that in Ref.
11, in which it should possible result from a combined effect of both electric field and charge doping. Unfortunately, the method combining the both effects is under developing, which is not directly relevant to the present work. 
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